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DISCOVERY OF THE TWO-PROTON DECAY OF 45Fe�M. Pfütznera, B. Blankb, J. Giovinazzob, E. BaduraC. Binghamd, C. Boreae, B.A. Brownf , M. ChartierbS. Czajkowskib, F. de Oliveira Santosg, A. Fleuryb, H. GeisselL.V. Grigorenko, R. Grzywaza, M. Hellström, Z. JanasaJ. Kurewiza, A.S. Lallemanb, M. LewitowizgM.J. Lopez Jimenezb, V. Maslovg, C. Mazzohi, I. MukhaG. Münzenberg, C. Plettner, M.S. Pravikoffb, E. RoeklK.P. Rykazewskih, K. Shmidti, R.S. Simon, M. Stanoiugand J.-C. ThomasbaInstitute of Experimental Physis, Warsaw University, 00-681 Warsaw, PolandbCEN Bordeaux-Gradignan, F-33175 Gradignan Cedex, FraneGSI, Plankstrasse 1, D-64291 Darmstadt, GermanydDept. of Physis and Astronomy, University of Tennessee, Knoxville 37996, USAeIAP, Buharest-Magurele, P.O. Box MG5, RumaniafDept. of Physis and Astronomy and NSCL, Mihigan State UniversityEast Lansing, MI 48824-1321, USAgGANIL, BP 5027, F-14021 Caen Cedex, FranehPhysis Division, ORNL, Oak Ridge, TN 37831-6371, USAiDept. of Physis and Astronomy, University of EdinburghEdinburgh EH9 3JZ, UK(Reeived Otober 25, 2002)In experiments performed at the GSI Fragment Separator and at theGANIL SISSI-LISE3 faility the deay of 45Fe has been investigated. Im-plantation events of 45Fe ions, stopped in silion telesopes, were orrelatedwith radioative deay events. The deay energy spetra exhibit a peak ofan average energy of (1:14 � 0:05) MeV. This observation, together withthe non-observation of oinident  or � events, represent lear evidene forthe two-proton ground state deay of 45Fe. The average half-life of 45Fe,dedued from both experiments, is T1=2 = 3:8+2:0�0:8 ms.PACS numbers: 21.10.Tg, 23.50.+z, 29.30.Ep� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2363)



2364 M. Pfützner et al.1. IntrodutionThe emission of two protons from an exited nulear state is known ex-perimentally sine 1983 when suh a deay mode was observed for statespopulated in the �-deay of 22Al and 26P [1, 2℄. Sine then, several otherbeta-delayed two-proton emitters has been investigated, see for exampleRef. [3℄. The deay mehanism of all these ases was found to be onsis-tent with sequential one-proton emission through the intermediate nuleus.Two proton emission was also established for exited states populated viaresonane reations. One suh ase is the 2+ resonane in 14O at 7.77 MeVwhih was found to deay sequentially via states in 13N [4℄. Another in-teresting example, measured reently, is the 1� 6.15 MeV state in 18Ne [5℄.Although in this ase no exited states in 17F through whih the sequentialemission ould proeed are known, the possibility of transitions via tails ofhigher lying broad resonanes is not yet exluded.The emission of two protons from the ground state was observed in twoases: 6Be [6℄ and 12O [7℄. In both of them, however, the initial state as wellas the ground state of the intermediate nuleus are broad and the deay anproeed sequentially through the tail of the latter. These are examples ofthe so alled �demorati� deay whih ours when the energy of the �rstproton is omparable with the width of the intermediate state.The ase of �pure� two-proton radioativity, as de�ned by Goldansky al-ready in 1960 [8℄, may our when the emission of one proton is energetiallynot allowed whih requires that the energy di�erene between the groundstates of the initial and the 1p daughter nulei is larger than the sum oftheir widths. Suh a proess, predited for medium-mass, even-Z, proton-rih nulei, where due to the Coulomb barrier the relevant states are narrow,was never observed to date despite onsiderable experimental e�orts. Shellmodel alulations [9, 10℄ and Coulomb-energy systematis [11℄ have identi-�ed a few andidates for this deay mode. One of them, 45Fe, was preditedto deay either by 2p emission with a Q-value of about 1 MeV or by ECdeay with a QEC � 19 MeV.45Fe was observed for the �rst time by Blank et al. [12℄ at GSI Darmstadtby the in-�ight identi�ation of fragmentation produts of a 600 MeV/nuleon58Ni beam. Sine then, attempts to study the deay mode of 45Fe were un-dertaken both at SIS-FRS faility of GSI Darmstadt and SISSI-LISE3 systemof GANIL Caen [13, 14℄. Here we report brie�y on the latest experiments,performed at both laboratories, whih sueeded in the observation of the45Fe deay and whih yielded the �rst evidene for 2p radioativity of thisnuleus. Detailed desriptions of the experiments have been published inRefs [15, 16℄.



Disovery of the Two-Proton Deay of 45Fe 23652. Experiment at GSIIn the GSI experiment proton-rih nulei were produed by projetilefragmentation of a 650 MeV/nuleon 58Ni beam impinging on a 4 g/m2beryllium target. The average beam intensity was about 4 � 109 ions perspill of 2 s length and a repetition period of 7.6 s. Seleted reation produtswere transmitted through the Fragment Separator (FRS) and identi�ed in-�ight by the standard �E-B�-TOF method. Energy loss (�E) informationwas provided by the four-fold ionization hamber MUSIC. Three plastisintillators, mounted at the seond, third and �nal foal planes of the FRS,were used to measure horizontal position neessary for the magneti rigidity(B�) determination as well as for the time-of-�ight (TOF) measurement. Asa result, the atomi number Z and the mass-to-harge ratio A=q ould bedetermined for eah ion transmitted to the �nal foal plane.After passing the identi�ation detetors, the ions were slowed downin an aluminium degrader of variable thikness and implanted into a stakof 8 Si detetors, eah 300 �m thik and 60 mm in diameter. Sine therange straggling of the slowed-down iron isotopes in silion was about 600�m (FWHM), the total thikness of the Si telesope (2.4 mm) was suf-�ient to stop all of them. The telesope was mounted inside a NaI(Tl)barrel omposed of six 30 m long rystals. Its purpose was to disrimi-nate �+ deay events whih are aompanied by two 511 keV annihilationquanta. The implantation setup is shown shematially in the left part of �g-ure 1. The whole detetion system was alibrated by implanting the known�-delayed (�p) proton emitters 49Fe and 50Co. In partiular it was foundthat the total e�ieny for deteting a  ray in the NaI barrel for a �p energyrange of 0.9�4 MeV was 93 %. The average energy resolution (FWHM) ofthe Si detetors was found to be about 250 keV for a 2 MeV proton energy.
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Fig. 1. Shemati drawings of the implantation setups used in the GSI experiment(left) and in the GANIL experiment (right).Two prinipal di�ulties of harged partile spetrosopy at the FRSare: (i) large energy (up to about 1 GeV) released in a Si detetor by a stop-



2366 M. Pfützner et al.ping ion, and (ii) relatively high intensity of ontaminant ions (about 200ions/s) entering the Si telesope during eah beam spill. To overome thesedi�ulties a set of newly developed preampli�ers with a fast reset funtionwas used. The fast reset preampli�ers ould be swithed-o� by an externallogial signal for about 2 �s after the arrival of a heavy ion. Suh signalwas generated eah time an ion was passing through the �rst Si detetor inthe telesope. As a result, already 2 �s after implantation the system wassensitive to low energy radioative deay signals. Moreover, in parallel to astandard aquisition system utilizing CAMAC ADC and TDC modules, aseond data aquisition system based on the DGF-4C digital modules [17℄was used. All signals from the identi�ation detetors and from the implan-tation setup were proessed by the DGF modules. The funtion of thesemodules onsisted of digitizing eah input signal with 40 MHz frequeny,amplitude determination and time stamping by the on-board digital sig-nal proessor and subsequent storage in the output bu�er. This aquisitionsystem was triggered only when an ion with a low A=q ratio entered the tele-sope. After the trigger, all inoming signals were aepted and proessedfor 10 ms. Subsequently, the DGF output bu�ers were read out and the datastored on magneti tape. In this way, information of all heavy ions, deaysand -rays ourring within 10 ms after the triggering ion was olleted pra-tially dead-time free. A more detailed disussion of this detetion tehniqueis given in Ref. [18℄.The measurement lasted about 6 days. In this time the DGF aquisitionwas triggered about 2000 times whih orresponds to an average time ofabout 4 min. between registered events. The identi�ation plot of thoseions whih triggered the aquisition is shown in �gure 2 (left). Among themsix events of 45Fe are learly seen. The 10 ms history periods reordedafter eah of them were arefully examined. One 45Fe ion happened to bestopped in a Si detetor su�ering a temporary malfuntion, so that no deayinformation was reorded. The deays of the �ve other 45Fe ions, however,ould be observed. For one of them the energy release of � 10 MeV wasfound aompanied by a -ray of about 900 keV. Suh an event is onsistentwith the �+ deay of 45Fe followed by a delayed proton emission. In thefour other ases the implantation was followed by an energy release of about1 MeV in the same detetor. Suh a pattern is expeted if 45Fe deays byemission of two protons. Importantly, in eah of these ases no other signalswere found in oinidene and no ontaminant ion was stopped in the samedetetor between 45Fe implantation and the deay event.The possibility that the observed deay events originate from bakgroundan be tested by plotting the singles spetrum of all deay-like events ol-leted by the Si telesope during the whole 45Fe measurement. Suh a spe-trum olleted under the additional requirement that no -ray was deteted



Disovery of the Two-Proton Deay of 45Fe 2367in oinidene is shown in �gure 2 (right). Above 700 keV there are 5 ounts:four of them represent events observed in orrelation with 45Fe ions whilethe remaining one ould not be orrelated to any ion. We assign the latterount to the random bakground originating from long lived ativities au-mulated in the telesope during the run. It follows that the probability todetet suh a random event during the 10 ms observation period is of theorder of 10�3. This leads us to onlude that the four events orrelated withthe implantation of 45Fe do represent the deay of this nuleus.Finally, the average energy of the deay of 45Fe is found to be (1:1 �0:1) MeV while the analysis of the deay times yield a half-life estimate ofT1=2 = 3:4+3:4�1:1 ms.
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Fig. 2. Left: identi�ation plot of ions whih entered the Si telesope and triggeredthe DGF aquisition during the 45Fe measurement at GSI. Right: singles spetrumof all deay-like events antioinident with the NaI detetors reorded during thewhole run. 3. Experiment at GANILIn the GANIL experiment ions of interest were produed by fragmen-tation of a 58Ni beam at 75 MeV/nuleon impinging on a 240 �m naturalnikel target mounted in the SISSI devie. The beam intensity varied be-tween 3 and 5 �A. Produts were separated by means of the Alpha/LISE3spetrometer.The detetion setup onsisted of two hannel-plate detetors for timingpurposes loated at the �rst LISE foal point and the implantation telesopemounted at the �nal fous omposed of 4 silion detetors surrounded byan array of Ge detetors in a lose geometry, see the right part of �gure 1.



2368 M. Pfützner et al.The �rst two Si detetors in the telesope, of 300 �m thikness, providedtiming and energy-loss information. The seleted ions were stopped in thethird Si detetor, also of 300 �m thikness, whih was a double-side silion-strip detetor with 16� 16 x� y strips and a pith of 3 mm. The fourth Sidetetor was 6 mm thik and served as a veto detetor for heavy ions as wellas a ounter for � partiles. Implantation events were triggered by the �rsttwo detetors in the telesope while radioative deay events were triggeredby the third or fourth detetor. The silion telesope was alibrated witha triple � soure and with the known �p emitters 40Ti and 36Ca. It wasfound that the probability of deteting � partile in the fourth Si detetorwhen the � deay ourred in the implantation detetor was about 30 %.The total e�ieny of the Ge array was about 1.6 % at 1.3 MeV.

Fig. 3. Left: identi�ation plot for ions stopped in the Si strip detetor during the45Fe measurement at GANIL. Right: deay energy spetrum orrelated with the45Fe implantation. Only events ourring up to 100 ms after implantation wereonsidered.During a 36 h measurement 22 ions of 45Fe were identi�ed (�gure 3).Sine the implantation rate was less then 1 ion/s in eah pixel of the stripdetetor, orrelation of deay events with the ions in the milliseond timerange ould be performed without di�ulties. The right part of �gure 3shows the deay events orrelated with 45Fe ions up to 100 ms after theimplantation. A distint peak ontaining 12 ounts at energy of (1:14�0:05)MeV is learly visible. No events in the peak were aompanied by either a� partile in the fourth detetor or by a  ray. These observations suggestthat the peak originates from the diret two-proton ground-state deay of45Fe. The deay time analysis yielded a half-life value of T1=2 = 4:7+3:4�1:4 ms.



Disovery of the Two-Proton Deay of 45Fe 23694. DisussionThe two experiments yield onsistent results for the deay energy and thehalf-life of 45Fe. The values obtained at GANIL are more preise due to bet-ter energy resolution and due to better statistis. An important argumentin favor of 2p deay interpretation is the antioinidene with -rays and�-partiles observed in the GSI and GANIL experiments, respetively. De-spite the low statistis, this argument appears to be more signi�ant in thease of the GSI data. The hane to miss all -rays for the four GSI eventsis 2� 10�5 while the probability to miss all � partiles in 12 GANIL eventsis 1:4 � 10�2. This re�ets the ruial role of the setup e�ieny whihwas equal to 93 % and 30 % for the  (GSI) and � (GANIL) detetion,respetively.The observed deay energy of 1.14 MeV agrees well with the Q2p val-ues predited by Brown (1.15(9) MeV) [9℄ and Ormand (1.28(18) MeV) [10℄,who applied the isobari multiplet mass equation and the shell-model alu-lations of the Coulomb energy shifts, as well as with the result given by Cole(1.22(5) MeV) [11℄ based on the Coulomb energy systematis.Figure 4 shows the results of various theoretial estimates of the partialhalf-life for the 2p deay of 45Fe. The solid lines represent alulations withina three-body model of Grigorenko et al. [19℄ assuming either a pure p2 orf2 on�guration for the two valene protons. The average value from thetwo experiments, T1=2 = 3:8+2:0�0:8 ms, is in good agreement with this modelwhih yields T1=2 = 3 ms for Q2p = 1:14 MeV and the p2 on�guration. Foromparison, two preditions of the two-body R-matrix formalism assuming
GSI GANIL

Fig. 4. Theoretial estimates of the partial half-life for the ground-state 2p deayof 45Fe. The experimental values are indiated by the hathed boxes.



2370 M. Pfützner et al.the emission of a diproton (2He partile) are shown (dashed lines), orre-sponding to a spetrosopi fator of �2 = 1 and hannel radii r of 4 fmand 6 fm, respetively. The realisti value of �2 = 0:195 [20℄ would inreasethese half-lives by a fator of 5 yielding T1=2 = 0:15 ms for r = 4 fm andQ2p = 1:14 MeV. This suggests that the simple two-body approximationmay not be adequate for the desription of the 2p radioativity.5. SummaryThe deay of 45Fe has been studied in two experiments performed at GSIDarmstadt and at GANIL Caen. Both yielded onsistent results suggestingthe emission of partile(s) of total energy of 1:14 � 0:05 MeV with a half-life of T1=2 = 3:8+2:0�0:8 ms. These �ndings, together with the nonobservationof oinident -rays or � partiles, provide strong evidene for the two-proton ground-state radioativity of 45Fe. This is the �rst ase of suha deay mode having been established for a narrow nulear ground state.Further experiments are neessary to on�rm the result, in partiular byseparate detetion of the two emitted protons. Measurements of the energyand the angular orrelation of the two protons are needed to determine themehanism of the 2p radioativity and to answer the question whether adiproton state ontributes to the proess.This work was partially supported by the ontrat between IN2P3 andPoland, by the NSF grant PHY-00-7911, by the Conseil Régional d'Aquitaine,by the EC under ontrat HPRI-CT-1999-50017 and by the U.S. DOEthrough ontrat DE-FG02-96ER40983 (University of Tennessee). ORNLis managed by UT-Battelle, LLC, for the U.S. DOE under ontrat DE-AC05-00OR22725. REFERENCES[1℄ M.D. Cable et al., Phys. Rev. Lett. 50, 404 (1983).[2℄ J. Honkanen et al., Phys. Lett. 133B, 146 (1983).[3℄ H.O.U. Fynbo et al., Nul. Phys. A677, 38 (2000) and referenes therein.[4℄ C.R. Bain et al., Phys. Lett. B373, 35 (1996).[5℄ J. Gómez del Campo et al., Phys. Rev. Lett. 86, 43 (2001).[6℄ O.V. Bohkarev et al., Sov. J. Nul. Phys. 55, 955 (1992).[7℄ R.A. Kryger et al., Phys. Rev. Lett. 74, 860 (1995).[8℄ V.I. Goldansky, Nul. Phys. 19, 482 (1960).[9℄ B.A. Brown, Phys. Rev. C43, R1513 (1991).
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